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Abstract
The storage potential and movement of fluids within a formation is dependent on hydraulic characterization unique to each 
depositional environment. Storage efficiency (E), the ratio of the injected volume of CO2 to the accessible pore volume, 
quantifies the CO2 storage capacity in a geologic depositional environment, providing a means to assess the CO2 storage resource 
of candidate reservoirs. This paper quantifies the ranges for E via numerical modeling for eight depositional environments: 
deltaic, shelf clastic, shelf carbonate, fluvial deltaic, strandplain, reef, fluvial and alluvial, and turbidite. An important aspect of 
this work is the development of geologic and geocellular modeling that reflects the uniqueness of each depositional environment.
Depositional environments were interpreted from core and geophysical log data; geologic and petrophysical data from oil fields 
and gas storage sites were used as constraints in the development of geocellular models, which were upscaled for flow 
simulations. Evaluation of the effects of geologic structures on storage efficiency indicates it causes a net increase in efficiency. 
Fluvial deltaic had the highest E and shelf carbonate had the lowest. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
The storage potential and movement of fluids within a formation is dependent on its depositional environment. 
As a result, storage efficiency (E), which quantifies the CO2 storage potential of a formation, varies from one 
depositional environment to another. 
Storage efficiency—the ratio of the injected volume of CO2 to the accessible pore volume —is used to estimate 
storage capacity for geologic formations, which is important in selecting storage sites. Lease acreage, locations for 
conducting monitoring, verification, and accounting (MVA) studies, and the area of review (AOR) for pilot or large-
scale CO2 storage projects can also be estimated based on values of E.
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This work quantifies baseline ranges for E for eight depositional environments and proposes plume management 
techniques for increasing CO2 storage efficiency in each depositional environment via numerical simulation. The 
depositional environments, which have been identified and classified by the National Energy Technology 
Laboratory (NETL) based on their storage potential [1], are described in Table 1 and include deltaic, shelf clastic, 
shelf carbonate, fluvial deltaic, strandplain, reef, fluvial and alluvial, and turbidite. The static reservoir models 
representing different depositional systems are based on rigorous conceptual geologic and geocellular models of 
Illinois Basin (the Basin) formations. 
2. Development of geologic, geocellular, and reservoir models to estimate storage efficiency 
2.1. Conceptual geologic models 
Geologic models were developed from structure and isopach maps interpreted from cross sections and 
geophysical logs, core, and outcrops. Isopach and structure maps and cross sections were created from available 
geophysical well logs, including spontaneous potential, induction, gamma ray, density, and sidewall neutron. 
Lithology and depositional environments were interpreted from cores, drill cuttings, and thin sections. Each geologic 
model was rigorously reviewed to ensure it represented a typical depositional environment. Nine Illinois Basin 
formations were classified according to the depositional environments defined in NETL [1] and the dominant 
depositional environment present in the formation (Table 1). 
Table 1. Selected formations of different depositional environments. 
Depositional Environment Storage Potential (DOE’s rating)  Formation Lithology 
Deltaic High 
Benoist Sandstone 
Bridgeport Sandstone
Shelf Clastic High Cypress Sandstone
Shelf Carbonate  High 
Ste. Genevieve Limestone 
Geneva Dolomite
Strandplain High Upper Mt. Simon Sandstone 
Reef High Racine Dolomite
Fluvial Deltaic Medium Bridgeport Sandstone 
Fluvial and Alluvial Medium Lower Mt. Simon Sandstone 
Turbidite Medium Carper Sandstone
Because the primary goal of this work was to estimate storage efficiency for specific depositional environments, it 
was necessary to have geocellular models that had heterogeneity and geologic architecture common to each of these 
depositional environments. Because this type of assessment is completely subjective, a very rigorous and iterative 
process was included in the modeling that included vetting by five senior petroleum geologist staff until complete 
agreement was reached that each geologic model represented these depositional environments. 
Data from Illinois Basin fields was the basis of the geologic models; consequently, every model was scrutinized 
closely to ensure that geology from these fields was not an outlier and truly represented the specific classification of 
depositional environment. To this end, a literature review was conducted on other US basin formations, with 
depositional environments similar to Basin formations (Table 2). Other US basin formations were compared based 
on basin type, reservoir characterization, complexity (geometries, boundaries, compartments, and potential barriers) 
and scale (lateral and vertical extent) of formations. Enhancements to the models’ sizes and architecture were made 
based on a literature review, recommendations from senior petroleum geologists, and preliminary numerical 
simulation results. 
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Table 2. Examples of some US basins or geologic areas and the associated formations that compare with studied Illinois Basin formations 
according to the DOE depositional classification. 
Depositional Environment Formations and Groups Region 
Shelf Clastic Tapeats Sandstone Colorado Plateau 
 Hamilton; Martinez Sacramento Valley Basin 
Shelf Carbonate 
Desert Creek; Ismay Paradox Basin 
Naco; Martin Colorado Plateau 
Knox Michigan and Illinois Basins 
Arbuckle Ozark Plateau 
Bangor; Tuscumbia Black Warrior Basin 
Madison; Bighorn Powder River Basin 
Paluxy; Tuscaloosa Gulf Coast Basin 
Fluvial Deltaic 
Domengine Sacramento Valley Basin 
Fleming Group Gulf of Mexico Basin 
Strandplain 
Mt. Simon; St. Peter Illinois Basin 
Fleming Group Gulf of Mexico Basin 
Pico; Puente Los Angeles Basin 
Pottsville; Parkwood; Hartselle Black Warrior Basin 
Dakota; Entrada Green River Basin 
Tensleep Rock Springs Uplift 
Upper Mt. Simon Michigan Basin 
Reef Cisco-Canyon Permian Basin 
Fluvial & Alluvial 
Tuscaloosa Gulf Coast Basin 
Stockton; Passaic Newark Basin 
Turbidite 
Fleming Group Gulf of Mexico 
Puente Los Angeles Basin 
2.2. Geocellular models 
The vetted conceptual models and reservoir characterization data were used to construct geocellular 
(geostatistical) models, which are used for the numerical simulations. The workflow for creating the models was 
developed during the course of other enhanced oil recovery (EOR) studies in the Basin [2, 3, 4] and used the Isatis 
geostatistical geologic-modeling software developed by Geovariances Corporation. The models employ 
geostatistical methods that characterize the heterogeneity of a reservoir. As an example, Table 3 shows the typical 
parameters of a geocellular model using a static reservoir model of a deltaic depositional system, and Fig. 1 shows 
the porosity and permeability models (P50 realization) of the deltaic depositional system next to its numerical 
simulations. 
In some cases, geocellular models were enlarged or extended so that the models are more typical of a specific 
depositional environment based on literature review and field experience. All geocellular models were reviewed to 
ensure accurate representation of the geology and depositional environment. Geologic structures or closures, such as 
a dome, influence movement of fluids in a formation and were anticipated to significantly increases E as a 
consequence of limiting lateral flow of CO2 regardless of the depositional environment. To ensure E is influenced 
only by the depositional environment in question, static reservoir models were flattened on a stratigraphic datum.  
Geocellular models that best depict reservoir characteristics and the validated conceptual geologic models were 
upscaled from 0.3 to 0.9 m (1 to 3 ft) for use as input in numerical simulations. Upscaling, the process of averaging 
multiple values into a bigger cell, is required because the geocellular model cells are smaller than the reservoir 
model cells. Porosity values were a straight average; horizontal permeability values were a geometric mean, and 
vertical permeability values were a harmonic mean. In some cases, the x and y grid spacing was also increased from 
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30.5 to 61 m (100 to 200 ft). The reviewed geocellular models used to conduct fluid flow simulations closely match 
the geology and depositional environment of the formations. 
After preliminary flow modeling was completed, some models allowed CO2 movement too quickly to or near the 
model boundary. Storage efficiency estimated from these models was considered unreliable; consequently, new, 
larger geologic models were made so that the effect of model boundaries did not influence the estimate of storage 
efficiency calculated from the numerical models. 
Table 3. Example of the parameters used to create the geocellular models. 
Parameter Value
Total number of grid cells 1,048,800 
x-direction 150 
y-direction 152 
z-direction 46 
ǻx or ǻy (m[ft]) 30.5 (100) 
dz (m[ft]) 0.9 (3) 
Area (m2 [ft2]) 2.12 × 107 (2.28 × 108)
Total volume (m3 [ft3]) 8.92 × 108 (3.15 × 1010)
Mean reservoir thickness 91.8 
Number of defined dells 6.44 × 105
Total defined volume (m3 [ft3]) 5.47 × 108 (1.93 × 1010)
Depth (min/max/mean) 0/135 
Porosity (min/max/mean) 0.01/0.26/0.11 
Total pore space 3.46 × 109
Permeability (min/max/mean) (cm2 [mD]) 4.53 × 10–12/5.74 × 10–9/4.27 × 10–10 (0.46/582.61/43.32) 
Reservoir porosity (min/max/mean) 0.05/0.26/0.17 
Reservoir permeability (min/max/mean) (cm2 [mD]) 1.42 × 10–11/5.74 × 10–9/6.93 × 10–10 (1.44/582.61/70.31) 
Reservoir pore space 3.28 × 109
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Fig. 1. Image of a deltaic geocellular model. Top left: permeability; top right: porosity; bottom left: CO2 plume distribution at 3 years; bottom 
right: CO2 plume distribution at 10 years. Warmer colors (top left and top right) represent high-permeability and high-porosity deltaic sandstone.
The CO2 plume (bottom left and bottom right), follows the high permeability trend (top left figure). 
2.3. Reservoir simulation 
2.3.1. Initial conditions 
Upscaled geocellular models used as input in dynamic simulations are populated with permeability, porosity, 
reservoir thickness, well locations, and depth for each gridblock. Table 4 shows the dimensions and number of 
active gridblocks of the static reservoir models of formation classes studied. Even though some of the models were 
developed using data from oil fields, all models were 100% saturated with brine in the reservoir simulations.   
The following assumptions were made for all simulations: 
1. Capillary pressures between CO2 and water are not included.  
2. To ensure storage efficiency is not influenced by model boundaries, all models boundaries are assigned an 
aquifer function to simulate an infinite formation.  
3. General CO2-brine relative permeability curves estimated from publicly available experimental data for 
sandstone and carbonate formations 
4. Pore pressure is maintained so that CO2 has liquid like density.  
Capillary pressure and relative permeability hysteresis effects were assumed negligible because the simulated 
injection pressures are significantly higher compared to the capillary pressure. In addition, only continuous CO2
injection scenarios are studied during which no imbibition (hysteresis) of brine is anticipated.  
Geologic structures or closures, such as a dome, may have a strong effect on the volumetric storage efficiency of 
a reservoir. Storage efficiency increases with the degree of confinement of the structure under the same reservoir 
conditions [5]. Simulations using reservoir models with geologic structures were conducted to evaluate the effect of 
structures on E.
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Table 4. Reservoir grid dimensions. 
Depositional
Environment
IllinoisBasinFormation ઢ࢞ ઢ࢟ ઢࢠ Nx:Ny:Nz Numberofactivegridcells
Deltaic
Benoist 100 100 3 162:172:80 1,114,560
Bridgeport 100 100 3 150:152:46 643,614
ShelfClastic Cypress 200 200 3 77:77:47 158,451
ShelfCarbonate
Ste.Genevieve 200 200 3 65:70:23 104,650
Geneva 100 100 3 215:350:23 1,209,748
Strandplain UpperMt.Simon 200 200 3 80:100:75 599,993
Reef Racine 200 200 3 36:44:57 45,256
FluvialDeltaic Bridgeport 200 200 3 52:211:98 1,075,256
Fluvial&Alluvial LowerMt.Simon 150 150 10 102:102:65 676,178
Turbidite Carper 100 100 3 75:95:38 170,738
2.3.2. Relative permeability 
Storage efficiency is dependent on the maximum saturation of CO2 or the minimum or irreducible brine 
saturation, one of the end points on the relative permeability curves. Consequently, storage efficiency is dependent 
on the choice of relative permeability data. 
A recent literature review by Burnside and Naylor [6] on worldwide publicly available experimental data 
provided the foundation for estimating CO2-brine relative permeability endpoints of sandstone and carbonate 
formations.  However, there was no relative permeability data found specific to a depositional environment.  
The CO2-brine relative permeability curves for sandstone and carbonate reservoirs were estimated from 
experimental data of 50 rock samples obtained from locations in Canada, Japan, North Sea, United States, and 
United Kingdom (Table 5) [6, 7, 8]. All supercritical CO2-brine relative permeability measurement experiments, 
except those of Perrin and Benson [7] and Krevor et al. [8], were conducted under unsteady-state conditions. Perrin 
and Benson [7] and Krevor et al. [8] were conducted under steady-state conditions. Table 6 and Fig. 2 show the 
median end-point data and CO2-brine relative permeability curves for sandstone and carbonate formations based on 
experimental data reported by Burnside and Naylor [6]. In Table 6, the parameters, Swr, krw,max, Sgc and krg,max 
represent the irreducible brine saturation, maximum relative permeability of brine (at residual CO2 saturation), 
critical CO2 saturation, and maximum relative permeability of CO2. The parameters n and m represent exponents of 
the Corey relative permeability function for CO2 and brine, respectively. However, the sensitivity of E to changes in 
Swr, Sgc, and kgr,max on E was also studied. There are infinite combinations of relative permeability combinations 
possible for use in models intended for general purpose. Relative permeability that was representative of all curves 
was used in anticipation of finding a method to normalize the storage efficiency E for the effect of relative 
permeability (Section 4.1). 
Table 5. Sources of experimental date used to estimate general CO2-brine relative permeability curves for sandstone and carbonate reservoirs. 
Location
Numberofsamples
Source
Sandstone Carbonate
Canada 22 13 [9,10]
Japan 2 – [11,12,13,14]
NorthSea 1 – [15]
UnitedKingdom 6 – [16]
UnitedStates 7 – [7,8,11,12,13,14]
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Table 6. Saturation and relative permeability median end point data based on available literature. 
Parameter Sandstone Limestone
Swr 0.50 0.50
krw,max 1.00 1.00
Sg,c 0.30 0.20
krg,max 0.25 0.25
m 2.00 2.00
n 3.00 4.00
Fig. 2. Representative CO2 and water relative permeability curves used for simulations in sandstone (left) and limestone (right) formations. 
2.3.3. Boundary conditions 
Reservoir boundaries may impact E. As a result, the depositional systems must be simulated as infinite-acting 
reservoirs to avoid model boundary effects on estimated values of E. For each reservoir model a Carter-Tracy 
infinite-acting aquifer with thicknesses equivalent to that of the reservoirs was attached to the edge gridblocks. 
Sensitivity studies concluded that the radial Carter-Tracy analytical aquifer exhibits infinite-acting (compared to an 
analytical solution) when the arithmetic mean permeability and porosity of a given reservoir model are used. 
2.3.4. Simulation process 
Storage efficiency is not a direct output of reservoir simulation programs (Landmark’s Nexus software), but must 
be calculated separately from the output:  
ܧ ൌ
௏಴ೀమ
௏೛
  (1) 
The VCO2 is the reservoir pore volume contacted by CO2, i.e., gridblocks with CO2 saturation greater than zero, 
i.e., Sg > 0. The reservoir volume available for storage, Vp, t, is dependent on the three-dimensional size and shape of 
the CO2 plume, which changes over time. A geometric shape must be assumed to estimate Vp, t. In the plan view, 
three geometric shapes were used: circle, square and rectangle. For one E calculation, the shape was applied for the 
entire thickness of the model. 
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For all geometric shapes, the smallest size that encompasses the CO2 plume in plan (x-y) view is used: 
௣ܸሺݐሻ ൌ ൞
ߨ൫ಽ೛మ ൯
ଶ
݄߶ǡ ܿ݅ݎ݈ܿ݁
ܮ௣ ௣ܹ݄߶ǡ ݎ݁ܿݐ݈ܽ݊݃݁
ܮ௣ଶ݄߶ǡ ݏݍݑܽݎ݁
 (2) 
Fig. 3 shows the differences between the use of a circle, square, and rectangle.  
The process of estimating storage efficiency can be further classified as static (Es) and dynamic (Edyn) storage 
efficiencies because the denominator in Eq. 1 is constant or variable, respectively. The Es represents the ratio 
between VCO2 and the total volume of reservoir available for storage (Vp, end); the total volume is a constant for all 
calculations of E. The Edyn is the ratio between volume of injected CO2 and the available pore volume, Vp, t, which is 
proportionate to plume size, i.e., available pore volume changes with time; available pore volume is a different value 
for each calculation of E. It is anticipated that Es will be less than Edyn at early injection times and that Es approaches 
Edyn as Vp, t also approaches Vp, end.
Fig. 3. Illustration of the different methods used to estimate the available pore area for calculating EA in Eq. 1. Warmer colors indicate higher CO2
saturation and blue indicates water.  The well is in the center. 
3. Results of reservoir simulation estimates for storage efficiency 
Numerical simulations of CO2 injection were conducted to determine baseline E of the different depositional 
environments. The baseline simulations involve injection of CO2 via a vertical well, which was perforated across the 
entire vertical thickness of the formation. To avoid the choice of a well location that yielded a very high or low E,
multiple simulation scenarios with five different well locations were conducted. They included four locations placed 
at one-third the reservoir model’s width from the center and one at the center of the reservoir grid; the E value used 
was the arithmetic average of the Es from simulations of these five locations. Dynamic storage efficiency as a 
function of injection time for a given scenario of CO2 storage shows E to increase to a maximum value at the onset 
and stays relatively constant as CO2 is injected over time (Fig. 4). The time derivative of E ሺ߂ܧ ߂ݐሻΤ decreases 
logarithmically over time and approaches zero as E approaches a constant value. The storage efficiency of each 
simulation scenario is determined when its value is relatively unchanged. Table 7 shows the ranges of Edyn achieved 
using both stratigraphic and structural static reservoir models of the different depositional environments studied. The 
depositional environment classification deltaic and fluvial deltaic had the largest storage efficiency, and the shelf 
carbonate and shelf clastic had the lowest. The structure added to each of these depositional models was specific to 
the geographical location of the geologic formation from which each model was based. Varying degrees of structure 
were present. The increase in E based on storage ranged from no change to an 80% increase. 
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Fig. 4. Storage efficiency for vertical CO2 injection wells. 
Table 7. The baseline E for depositional environment is listed below, ranging from 3.3% at the lowest to 25% at the highest. 
DepositionalEnvironment Lithology
BaselineE(%)
Stratigraphic Structural %change
Deltaic Sandstone 9.5–18 10–20 5.3–11
Shelfclastic Sandstone 5.6–15 6.6–19 18–26
Shelfcarbonate
Limestone 3.1–9.0 3.3–9.9 6.5–10
Dolomite 3.0–8.2 3.8–7.5 8–27
Fluvialdeltaic Sandstone 13–22 15–22 0.0–15
Strandplain Sandstone 6.1–13 11–17 31–80*
Reef Limestone 4.8–19.7 4.7–21.3 2.0–8.1
Fluvialandalluvial Sandstone 8.0–19 9.9–22 16–24
Turbidite Sandstone 6.5–24 7.0–25 4.2–7.6
*Large structure, low relief, and high thickness compared to other formations in the study 
4. Discussion 
4.1. Effects of end-point saturations and relative permeability (Swr, Sgc, and krg,max)
The storage efficiency calculated from each model was dependent on relative permeability, specifically the end 
points of the relative permeability curve. A method was sought to normalize the data with respect relative 
permeability so that the E found for each depositional environment might have a more universal application. 
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The effects of end-point saturations and relative permeabilities on E were studied by conducting sensitivity on the 
irreducible water saturation (Swirr), critical CO2 saturation (Sgc), and the maximum relative of CO2, using a 
heterogeneous model and vertical-equilibrium, relative-permeability functions for water and CO2. A value of 1 is 
assigned to the maximum relative permeability of water at 100% water saturation. 
Simulation scenarios to study the effect of these parameters were conducted using a strandplain formation 
depicted in Table 8. Simulation results shows E and the average CO2 saturation within the contacted formation 
volume (Sg,avg) to decrease with increasing Swirr (Table 8). The E and Sg,avg increase as the critical saturation of CO2
increases. It may be argued that an increase in Sgc leads to a corresponding drop in CO2 mobility and thus results to 
an increase in E. Table 8 also shows E to decrease as krg,max is increased while Sg,avg remained relatively unchanged. 
An increase in krg,max also increases the mobility of CO2 which translates to a reduction in E.
Table 8. Effects of Swirr, Sgc, and krg,max on CO2 displacement efficiency. 
Effect of irreducible water 
saturation Effect of critical CO2 saturation 
Effect of maximum CO2 relative 
permeability 
Swirr Esqr Sg,avg Sgc Esqr Sg,avg krg,max Esqr Sg,avg
0.00 7.1% 0.76 0.10 4.7% 0.51 0.2 8.9% 0.520 
0.35 5.4% 0.54 0.25 5.4% 0.54 0.35 6.7% 0.524 
0.70 2.9% 0.27 0.50 6.3% 0.57 0.50 5.3% 0.527 
Various methods were made to normalize E with respect to relative permeability. Normalization with respect to 
the average CO2 saturation within the plume worked best: 
ܧ௏ ൌ
ா
ௌҧ೒
 (3) 
For completeness, Table 9 shows Ev with and without the effect of geologic structures. 
Table 9. The baseline EV for each depositional environment is listed below, ranging from 3.3% at the lowest to 25% at the highest. The r between 
Ev and ܵҧ௚ is equivalent to the E.
DepositionalEnvironment IllinoisBasinFormation
BaselineEV(%)
%differenceWithoutgeologic
structure
Withgeologic
structure
Deltaic Sandstone 23–41 23–43 0.0–4.8

Shelfclastic Sandstone 17–41 20–52 18–26
Shelfcarbonate Limestone 9.5–26 10–28 5.3–7.7
 Dolomite 7.5–19 9.0–19 0.0–20
Fluvialdeltaic Sandstone 36–52 36–51 0.0–1.9
Strandplain Sandstone 16–32 30–43 34–88*
Reef Limestone 14–53 13–56 5.7–7.1
Fluvialandalluvial Sandstone 11–52 17–58 12–55
Turbidite Sandstone(fine) 17–58 18–59 1.7–5.9
*Large structure, low relief, and high thickness compared to other formations in the study 
5. Conclusion 
Carbon dioxide storage efficiencies in eight depositional environments have been estimated via numerical 
simulation. The depositional environments that were studied include deltaic, shelf clastic, shelf carbonate, fluvial 
deltaic, strandplain, reef, fluvial and alluvial, and turbidite. The static reservoir models representing different 
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depositional systems are based on rigorous conceptual geologic and geocellular models of formations with different 
depositional environments.  
Sensitivity studies on end-point saturations and maximum CO2 relative permeability suggest that storage 
efficiency decreases as irreducible water saturation or maximum relative permeability of CO2 is increased. 
Simulation results also predict storage efficiency to increase as the critical CO2 saturation is increased.  
The normalized CO2 storage efficiency (Ev) of the eight depositional environment models studied ranges from 8 
to 50%. Depositional environments with the highest and lowest storage efficiencies are fluvial deltaic and shelf 
carbonate, respectively.
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